, caused widespread destruction in the region, including extensive and costly damages to the State-owned hatchery and the transportation infrastructure in the Town of Roxbury, Vermont. Sections of State Route 12A were washed out, and several bridges and culverts on Oxbow Road, Thurston Hill Road, and the New England Central Railroad in Roxbury were heavily damaged. Record high peak-discharge estimates of 2,140 cubic feet per second (ft 3 /s) and 4,320 ft 3 /s were calculated for Flint Brook at its confluence with the Third Branch White River and for the Third Branch White River at about 350 feet (ft) downstream from the hatchery, respectively. The annual exceedance probabilities (AEPs) of the peak discharges for Flint Brook and the Third Branch White River were less than 0.2 percent (less than a one in 500 chance of occurring in a given year). Hydrologic and hydraulic analyses of Flint Brook and the Third Branch White River were done to investigate flooding at the hatchery in Roxbury and support efforts by the Federal Emergency Management Agency to assist State and local mitigation and reconstruction efforts.
During the August 2011 flood, the majority of flow from Flint Brook (97 percent or 2,070 ft 3 /s) diverged from its primary watercourse due to a retaining wall failure immediately upstream of Oxbow Road and inundated the hatchery. Although a minor amount of flow from the Third Branch White River could have overtopped State Route 12A and spilled into the hatchery, the Third Branch White River did not cause flood damages or exacerbate flooding at the hatchery during the August 2011 flood. The simulated water-surface elevations for August 2011 flood equal the elevations of State Route 12A about 500 ft downstream of Thurston Hill Road adjacent to the troughs between the rearing ponds. The model results indicate that the 10-, 2-, 1, and 0.2-percent AEP flood discharges for the Third Branch White River do not overtop State Route 12A and cause flooding to the hatchery.
Four flood mitigation alternatives (Stantec, Inc., written commun., 2013) being considered by the Vermont Agency of Transportation to improve the hydraulic performance of Flint Brook and reduce the risk of flooding at the hatchery include: (A) no changes to the infrastructure or existing alignment of Flint Brook (existing conditions [2014] ), (B) structural changes to the bridges and the existing retaining wall along Flint Brook, (C) realignment of Flint Brook to flow along the south side of Oxbow Road to accommodate larger stream discharges, and (D) a diversion channel for flows greater than 1-percent annual exceedance probability. Although the 10-, 2-, and 1-percent AEP floods do not flood the hatchery under alternative A (no changes to the infrastructure), the 0.2-percent AEP flow still poses a flooding threat to the hatchery because flow will continue to overtop the existing retaining wall and flood the hatchery. Under the other mitigation alternatives (B, C, and D) that include some variation of structural changes to bridges, a retaining wall, and (or) channel, the peak discharges for the 10-, 2-, 1-, and 0.2-percent annual exceedance probabilities do not flood the hatchery.
Water-surface profiles and flood inundation maps of the August 2011 flood and the 10-, 2-, 1-, and 0.2-percent AEPs for four mitigation alternatives were developed for Flint Brook and the Third Branch White River in the vicinity of the hatchery and can be used by the Federal, State, and local agencies to better understand the potential for future flooding at the hatchery.
Introduction
Flood information is needed by Federal, State, and local agencies to make informed decisions in meeting mission requirements related to flood hazard mitigation, planning, and response. The flood of August 28-29, 2011, due to tropical storm Irene caused extensive damages to the Vermont Fish and Wildlife Department's Roxbury Fish Culture Station (the hatchery) and the transportation infrastructure in the Town of Roxbury, Vermont ( fig. 1) . The hatchery, which began operations in 1891, is the oldest fish hatchery system in Vermont and is listed on the National Register of Historic Places (undated). During the August 2011 flood, Flint Brook, at the north end of the hatchery, breached its banks and washed out a retaining wall. The brook flowed through and around the hatchery, damaging the rearing ponds and causing extensive damage to the grounds and several buildings. The transportation infrastructure near the hatchery, which includes State Route 12A, the New England Central Railroad (NECR), Oxbow Road, Thurston Hill Road, and Carrie Howe Road, also was damaged. Annual exceedance probabilities (AEPs) for the August 2011 flood were between 0.2-and 1 percent for nearby U.S. Geological Survey (USGS) streamgages on Ayers Brook (01142500) White River, (01144000), and Mad River (04288000) and exceeded the 0.2-percent AEP on Dog River (04287000; fig. 1-1 ; Olson and Bent, 2013) . The 0.2-percent AEP flood has a 0.2-percent chance of being equaled or exceeded in any given year. Damage caused by the flooding resulted in a presidential disaster declaration on September 1, 2011, for the 12 counties in Vermont affected by the August 2011 flood (Federal Emergency Management Agency, [2011] ).
Flint Brook originates in the Northfield Mountains, flowing east, then north under Oxbow Road, and then east under the NECR and State Route 12A at the brook's confluence with the Third Branch White River. As Flint Brook flows through the sharp bend near Oxbow Road, the water velocity causes bank instability, undercutting, and erosion. A retaining wall was built to minimize erosion and stabilize the bank upstream of the bridge at Oxbow Road. The Third Branch White River originates in the Northfield Mountains and flows adjacent to the hatchery, crossing State Route 12A about 0.4 miles (mi) north of the hatchery and again immediately south of the hatchery.
When Flint Brook breached its banks during the August 2011 flood, its flow diverged along a straight path south to converge with the Third Branch of the White River. Although the mapped alignment of the lower reach of Flint Brook appears to be natural under most streamflow conditions, the natural channel alignment, particularly during major floods (1998, 2006, and 2011) , is a straighter reach oriented in a southeasterly direction to the confluence with the Third Branch White River. During the August 2011 flood, Flint Brook followed the same divergent path as it did during the June 1998 and December 2006 floods. Although little information is available on the peak discharges or the high-water elevations at the hatchery for the 1998 and 2006 flood events, damages were less extensive and less costly than the August 2011 flood (Jeremy Whalen, supervisor, Roxbury Fish Culture Station, written commun., 2014) . The rearing ponds were damaged (filled with gravel and debris) in the 1998 and 2006 floods, whereas they were completely destroyed and several buildings sustained significant damages in the 2011 flood.
After the August 2011 flood, State and local officials requested an investigation of flooding problems and mitigation measures at the hatchery. The Federal Emergency Management Agency (FEMA) retained Stantec, Inc., to propose and design several alternatives to reduce the risk of future flood damages to the hatchery infrastructure. In 2014, the USGS entered into an agreement with FEMA to provide hydrologic and hydraulic analyses in support of the efforts by FEMA to (1) compute flood profiles and produce a flood inundation map of the August 2011 flood in the vicinity of the hatchery, (2) investigate divergent flow conditions that affect the magnitude and extent of flooding along Flint Brook affecting the hatchery, and (3) compute flood profiles and produce flood inundation maps for floods of selected AEPs for the proposed mitigation design alternatives (Stantec, Inc., written commun., 2013).
Purpose and Scope
This report documents the magnitude and extent of flooding from the August 2011 flood (tropical storm Irene) at the hatchery in Roxbury and the hydrologic and hydraulic analyses of peak discharges in Flint Brook and the Third Branch White River near and around the hatchery. Water-surface profiles and the flood inundation area observed during the August 2011 flood and for the modeled 10-, 2-, 1-, and 0.2-percent AEPs were determined for Flint Brook and the Third Branch White River. This report also describes the hydrologic and hydraulic analyses of several proposed alternatives to mitigate flooding along Flint Brook at the hatchery. Water-surface profiles and flood inundation boundaries were determined for the 10-, 2-, 1-, and 0.2-percent AEPs for the proposed mitigation alternatives (Stantec, Inc., written commun., 2013).
Study Area
The study area includes the hatchery in Roxbury and parts of the drainage basins of Flint Brook and the Third Branch White River that are upstream from or include the hatchery ( fig. 1) (Sauer and others, 1983) . Lag time is computed as the time from center-of-mass of rainfall excess to the center-of-mass of the corresponding runoff.
Peak Discharges for Selected Annual Exceedance Probabilities
Peak discharges for given AEPs are often calculated from annual peak data from streamgages. Regional regression equations can be used to estimate the peak discharges for the AEPs where streamgages are not available. Peak discharges for selected locations on Flint Brook and the Third Branch White River were calculated for the 10-, 2-, 1-, and 0.2-percent AEPs using regional regression equations (table 1; Olson, 2014) . The explanatory variables in the regression equations include the basin characteristics of drainage area, mean annual precipitation, and percentage of wetland area (table 2).
Peak Discharges for August 2011 Flood
Peak discharge estimates for the August 2011 flood (tropical storm Irene) for select locations on Flint Brook and the Third Branch White River (table 3) were derived using a drainage-area discharge equation (Johnstone and Cross, 1949) :
where Q 1 and Q 2 are the discharges at specific locations, A 1 and A 2 are drainage areas at these locations, and exp is an exponent derived from regional regression equations. [Prediction intervals calculated using regional regression equations, except for flows from tropical storm Irene on August 28-29, 2011, which were estimated using the drainage-area discharge equation from Johnstone and Cross (1949 The drainage-area discharge equation can be used to estimate streamflow at a site where no streamflow data were collected by using known streamflow from a nearby location. This approach adjusts for the difference in drainage area as well as incorporating some regional characteristics by using the exponents from regional regression equations. The known peak discharges used in the drainage-area discharge equation are from the Dog River streamgage (04287000), which is the closest streamgage to the hatchery. The 0.02-percent AEP exponent (0.816) from regression equations derived for the Dog River streamgage by Olson (2014) was used for the exp term in the drainage-area discharge equation because the magnitude of the discharge for August 2011 flood at the nearby streamgage on Dog River at Northfield Falls was about equal to a 0.2-percent AEP event ( fig. 1-1 ; table 1-1). Using the drainage-area discharge equation with the Dog River peak discharge for the August 2011 flood (22,200 cubic feet per second [ft 3 /s]) and its drainage area of 76.6 mi 2 estimated using USGS data from the StreamStats Program, the peak discharges for Flint Brook and the Third Branch White River are 2,140 and 4,320 ft 3 /s, respectively (table 3; U.S. Geological Survey, undated). The drainage area for Dog River was derived from a 32.81-ft (10-meter) digital elevation model that has been hydrologically corrected with the National Resources Conservation Service Watershed Boundary Dataset and the USGS National Hydrography Dataset. Although the differences in the drainage area are outside the limits generally used for this type of estimation, which are usually 0.5 to 1.5, the adjusted peak discharge from the Dog River watershed was the best alternative because of its close proximity to the hatchery (less than 10 mi) and the likelihood that the Dog River, Flint Brook, and Third Branch White River basins experienced very similar amount, duration, and intensity of rainfall during tropical storm Irene.
Peak discharge for Flint Brook determined from the drainage-area discharge equation (equation 1) is within the uncertainty limits of the 0.2-percent AEP flood estimate (the 90-percent predication interval is 590 to 3,260 ft 3 /s). The peak discharges from the drainage-area discharge equation were confirmed using hydraulic modeling. Peak discharges are an input parameter for hydraulic modeling. The hydraulic modeling methods compute water-surface elevation (WSE) on the basis of step-backwater calculations and are calibrated to match flood high-water marks (HWMs). Hydraulic modeling indicated that the derived peak discharges satisfactorily simulated WSEs that matched the flood HWMs at the hatchery (table 3-1).
Peak discharge for Flint Brook for the August 2011 flood estimated from the drainage-area discharge equation (2,140 ft 3 /s) exceeds the peak discharge estimated from the regression equations (1,390 ft 3 /s) at the 0.2-percent AEP. Peak discharge for the Third Branch White River estimated from the drainage-area discharge equation (4,320 ft 3 /s) also exceeds the peak discharge estimated from the regression equations (2,500 ft 3 /s) for the 0.2-percent AEP. The peak discharge estimates from the drainage-area discharge equation for the two streams are within the 90-percent prediction interval of the regional regression equations.
Divergent Flows Affecting the Magnitudes of Peak Discharge at Flint Brook
During the August 2011 flood, Flint Brook and another tributary of the Third Branch White River (Woodard Brook) were observed to have substantial overbank flows that did not follow their respective channels to their confluence with the Third Branch White River ( fig. 1 ). Woodard Brook is about 3,600 ft north of the hatchery. Typically, overbank streamflow spills over a floodplain adjacent to a stream; however, this was not the case for Flint Brook and Woodard Brook.
When Flint Brook overtops its channel banks during flood events, a portion of the overbank flow diverges from the main channel and drains east and then south through the hatchery. During the August 2011 flood, Flint Brook breached its banks where a retaining wall failed. The divergent overbank flow from Flint Brook was evaluated to be the primary source of flooding to the hatchery. Peak discharges from the August 2011 flood through the hatchery were estimated to be 2,072 ft 3 /s, which is 97 percent of Flint Brook peak discharges; 65 ft 3 /s remained within the channel banks, draining under Oxbow Road.
During the August 2011 flood, a portion of overbank flow from Woodard Brook also diverged from its main channel. From visual inspection of high-definition imagery and light and detection ranging (lidar) elevation data obtained shortly after the August 2011 flood, there is evidence to suggest that the divergent flow possibly affected the lower reach of Flint Brook near its confluence with the Third Branch White River, but it did not affect the flooding at the hatchery. The divergent flow from Woodard Brook drained south towards Carrie Howe Road and then paralleled the NECR until it flowed into Flint Brook upstream of the NECR and State Route 12A bridges near the confluence with the Third Branch White River. A detailed hydrologic and hydraulic analysis of Woodard Brook was outside the scope of the study.
Hydraulic Analyses of the 2011 Flood and the 10-, 2-, 1-, and 0.2-Percent AEP Floods as Applied to Flood Mitigation Alternatives
Hydraulic analyses were done for a 0.25-mi reach of Flint Brook from its confluence with the Third Branch White River to 300 ft upstream from the Oxbow Road crossing and a 1.17-mi reach of the Third Branch White River from 350 ft below the State Route 12A crossing south of the hatchery (upstream) to its confluence with the Woodard Brook. In addition, hydraulic analyses were done for the Flint Brook diversion channel, which is parallel to Oxbow Road and the divergent overland flow path that Flint Brook follows through the hatchery during extreme high-flow events.
The hydraulic models incorporate new field-survey data at structures, high-resolution land-surface elevation data, peak discharge estimates of the August 2011 flood from a drainagearea discharge equation, and peak discharges for the 10-, 2-, 1-, and 0.2-percent AEPs from regional regression equations (Olson, 2014) .
Methods.-Water-surface profiles were computed for the study reaches using the computer program Hydrologic Engineering Center-River Analysis System (HEC-RAS; version 4.1; U.S. Army Corps of Engineers, 2010a,b) . HEC-RAS is a one-dimensional modeling system that computes water-surface profiles for gradually varied flow by solving the one-dimensional energy equation and for rapidly varied flow (such as flow at hydraulic structures) by solving the momentum equation. Input parameters for steady-flow analyses in HEC-RAS include cross-section geometry, which includes station and elevation data; geometric and elevation data for the culverts, bridges, and roads; roughness coefficients for the channel, overbank areas, and culverts; and flood discharge.
The starting WSEs in the Flint Brook model at the downstream end of the study reach are the peak flood elevations of the Third Branch White River at the confluence with Flint Brook for the same events. Backwater from the Third Branch White River was used as a starting WSE due to the fact that the peaks were assumed to have occurred within close temporal proximity to each other. The starting water-surface conditions in the model for the Third Branch White River at the downstream end of the study reach is normal depth.
Field surveys of the stream channel and surveys of structure geometry, including the bridges on Flint Brook and the Third Branch White River and the retaining wall on Flint Brook, were obtained for the modeled reaches. Lidarderived elevation data were used to supplement the field survey data of the stream channels. The overbank portions of the cross sections ( fig. 2-1) were derived from highresolution land-surface elevation data derived from lidar surveys. Lidar-derived data were collected and processed by Fugro EarthData, Inc. from surveys flown during March and April 2012 for seven sections of highway corridors for the Vermont Agency of Transportation in response to damage during tropical storm Irene on August 28-29, 2011. The lidarderived data were collected to a vertical accuracy of ±0.3 ft (9.25 centimeters [cm]) root-mean square error (RMSE) and ±0.6 ft (18.2 cm) at the 95-percent confidence level according to the National Standard for Spatial Data Accuracy standard methodology (Fugro EarthData, Inc., 2012) . The station and elevation data in the channel part of a cross section were merged with lidar-derived data to form complete cross sections (appendix 2). The geometry of a diversion channel, proposed as one of the possible flood mitigation measures, was obtained from a model produced by Stantec, Inc. (written commun., 2013) . The geometry of the divergent flow path through the hatchery was obtained solely from lidar-derived data. Manning's roughness coefficients (n-values) for the channel and overbanks for the hydraulic models were determined from field observations (table 4) and by application of methods described in Arcement and Schneider (1989) and Coon (1998) .
HWMs were used to calibrate the hydraulic models. The USGS identified and flagged three HWMs in the vicinity of the hatchery within days of the August 2011 flood (Medalie and Olson, 2013) . These accuracy of the data from these HWMs were rated excellent (±0.02 ft) to fair (±0.10 ft). In 2014, an additional 11 HWMs were identified and surveyed in March and April 2014 (appendix 3). The accuracy of the data from these 11 HWMs from 2014 were considered to be very poor quality (±0.2 ft) due to the length of time between the storm and the documentation of the HWMs and were not used to rigorously calibrate the model to predicted flows. The results of the hydrologic and hydraulic analyses were used to create water-surface profiles (appendix 4) and flood inundation maps that characterize the extent of flooding at the hatchery for the selected AEP peak discharge conditions for the proposed mitigation alternatives. A flood inundation map to show a generalized depiction of the flood inundation area of the August 2011 flood (tropical storm Irene) in the vicinity of the hatchery (appendix 5) also was created.
The 10-, 2-, 1-, and 0.2-percent AEP (100-and 500-year) flood boundaries were drafted with a geographic information system (GIS) using lidar-derived data processed with 2-ft contour intervals. The flood boundaries were determined by the HEC-RAS simulated water elevations at each stream cross section and interpolated between cross sections. The flood inundation maps outline the hatchery's flood risk under the mitigation alternatives described in the hydraulic analyses section of this report (appendix 6). Under alternative A (existing [2014] infrastructure), the hatchery is subject to flooding at the 0.2-percent AEP ( fig. 6-1A ). Alternatives B (enlarging existing bridge openings and raising the height of the retaining wall; fig. 6-1B) , C (realigning Flint Brook to south side of Oxbow Road and construct two new bridges), and D (creating a diversion channel for overflow and construct two new bridges) indicate no flood risk to the hatchery at the 10-, 2-, 1-, or 0.2-percent AEPs. Flood inundation maps were generated for alternative B, but not alternatives C and D, which are based on altered, presumed channel geometry. The maps of inundated areas are for planning purposes only and are not intended for regulatory, permitting, or other legal purposes.
Water-Surface Profiles for Flint Brook During the August 2011 Flood
Water-surface profiles were developed for a 0.25 mi reach of Flint Brook upstream from its confluence with the Third Branch White River (appendix 4). A major factor in the magnitude of flooding through the hatchery is the structural failure of a retaining wall along Flint Brook immediately upstream from the brook's crossing under the bridge at Oxbow Road. To simulate the observed WSEs for the August 2011 flood, the hydraulic model for Flint Brook was based on a failed (collapsed) retaining wall. Because data were not collected during the storm, it is unknown when the channel banks were breached and the retaining wall failed. Consequently, it was assumed that the retaining wall failed at the elevation of the channel banks (993 ft) without the wall in place. The three bridges (Oxbow Road, NECR, and State Route 12A) along the 0.25-mi reach were modeled as they are currently [2014] . The flow was split between the main channel and the divergent overbank flow (about 0.5-mi reach) through the hatchery based on the presumed elevation of the failed retaining wall. 
Water-Surface Profiles for Third Branch White River During the August 2011 Flood and for Selected AEPs
Water-surface profiles were developed for a 1.17-mi reach of the Third Branch White River (appendix 4). The Third Branch White River runs parallel to the hatchery on the eastern side of State Route 12A. The river crosses State Route 12A about 0.4 mi north of the hatchery and again at the southernmost section of the hatchery. The hydraulic model includes 2 bridges and 27 channel cross sections. The peak discharges used as input for the model were those estimated for selected AEP flood discharges and for the August 2011 flood. The HWMs found along the Third Branch White River were rated fair to very poor and subject to uncertainty (Benson and Dalrymple, 1967) . Consequently, the HWMs were used only as a general guide in calibrating the model. The simulated WSEs for the August 2011 flood ranged between 0.2 and 0.5 ft of the HWMs obtained in 2011.
The simulated WSEs at the 10-, 2-, 1-, and 0.2-percent AEPs are lower than the road elevations along State Route 12A, indicating that the Third Branch White River does not overtop State Route 12A for the selected AEPs and become a contributing flooding source to the hatchery. The simulated WSEs for the August 2011 flood (peak discharges less than the 0.2-percent AEP) are appreciably lower than the State Route 12A road elevations for the majority of the river reach studied, except for a small section in the lowest reach (1,800 ft downstream from Thurston Hill Road) where the simulated WSE for one stream cross section is equal to the road elevation. It is possible that a minor amount of flow (less than 5 ft 3 /s) from the Third Branch White River flowed along State Route 12A and into the hatchery during the August 2011 flood. At this cross section, the simulated WSE for the August 2011 flood is 2 ft higher than the simulated WSE for the 0.2-percent AEP discharge. The elevation difference between the channel bed and State Route 12A is about 8 ft.
Water-Surface Profiles for Flint Brook for 10-, 2-, 1-, and 0.2-Percent AEP Floods and Analysis of Mitigation Alternatives
To improve flood-related hydraulic performance at Flint Brook and reduce flood inundation of the surrounding areas, four mitigation alternatives were proposed by Stantec, Inc., to the Vermont Agency of Transportation for the reconstruction efforts at the hatchery (Stantec, Inc., written commun., 2013). These four mitigation alternatives were evaluated as part this study. In order to evaluate the mitigation alternatives, hydraulic models of Flint Brook with the existing conditions [2014] and proposed infrastructure changes were developed and used in conjunction with peak discharges from the hydrologic analyses described in the earlier sections of this report. Watersurface profiles were developed for each mitigation alternative (appendix 4). The models for mitigation alternatives at Flint Brook do not include potential divergent flows from Woodard Brook, which was not within the scope of this report.
The four mitigation alternatives for Flint Brook that are being considered by the Vermont Agency of Transportation included the following:
• Alternative A-no changes to the existing infrastructure;
• Alternative B-improvement of existing infrastructure (enlarging the bridge openings and raising the height of the retaining wall along Flint Brook);
• Alternative C-realignment of Flint Brook (realigning the bed of Flint Brook to the southern side of Oxbow Road to accommodate larger stream discharges than currently flow through the channel); and
• Alternative D-diversion of Flint Brook (constructing an overflow channel for excess flood water while keeping the existing Flint Brook channel intact).
For all alternatives, the NECR and State Route 12A bridges are modeled as a single structure based on the proximity of the two bridges to one another and the fact that the upstream NECR bridge has a narrower bridge opening than the State Route 12A bridge. Even under alternative B in which the NECR bridge is widened to 20 ft, the NECR bridge is still the more constricting structure of the two bridges.
Alternative A-Existing Infrastructure
Under existing infrastructure (alternative A), the retaining wall immediately upstream from Oxbow Road is modeled at its current [2014] repaired geometry. The existing infrastructure model is a baseline for comparison of the three mitigation alternatives with changes to the bridges, retaining wall, and channel. The bridges-on Oxbow Road, at the NECR, and on State Route 12A-were modeled using their current [2014] geometry (field surveyed in March 2014). The hydraulic model assumes the retaining wall would remain intact for all modeled flows. The lowest surveyed elevation of the retaining wall is 999.8 ft; water-surface profiles in excess of this elevation in the vicinity of the retaining wall were modeled as flow through the hatchery. The hydraulic analysis indicated that Flint Brook would overtop the retaining wall and inundate the hatchery at the 0.2-percent AEP, but not at the 10-, 2-, and 1-percent AEPs. After flow diverges (about 140 ft
Alternative B-Improvement of Existing Infrastructure Along Flint Brook
For the model evaluating improvement of existing infrastructure (alternative B), the hydraulic carrying capacity of two of the bridges (Oxbow Road and NECR) would be increased. No hydraulic improvements were identified for the existing Route 12A bridge. The Oxbow Road bridge would be widened from 21 to 30 ft, and the NECR bridge would be widened from 12 to 20 ft. An additional improvement to the existing infrastructure would include changes to the retaining wall upstream from the Oxbow Road bridge. The elevations of the low chords and bridge decks would remain the same for both bridges. The retaining wall would be improved by "the placement of additional material on the crest of the wall or installing a new structure in place of the existing wall, such as a vertical concrete wall" (Stantec, Inc., written commun., 2013). The improved wall would be approximately 120 to 150 ft long and 2 ft higher than the existing wall. No analyses were performed on to the stability of the proposed wall or whether it would be built as a certified levee or a retaining wall as it currently [2014] exists. An assumption made as a part of this hydraulic analysis is that the retaining wall would not fail (breach) for the selected AEP that were analyzed. The elevation of the improved retaining wall in the hydraulic analysis for this study was assumed to be 1,001.8 ft, 2 ft higher than the existing wall. The hydraulic analysis showed that raising the height of the retaining wall by 2 ft from 999.8 to 1,001.8 ft would contain the 10-, 2-, 1-, and 0.2-percent AEP flows. The downstream bridges with expanded openings (Oxbow Road, NECR, and State Route 12A) would have the capacity to convey flow up to and including the 0.2-percent AEP without overtopping.
Alternative C-Realignment of Flint Brook
For the model evaluating the realignment of Flint Brook (alternative C), Flint Brook would be realigned to run along the southern side of Oxbow Road. The new channel would be approximately 800 ft in length and flow in an eastward orientation. This alternative also includes constructing two new bridges over Flint Brook at the NECR and on State Route 12A south of Oxbow Road. The existing Oxbow Road bridge would be decommissioned. The NECR and State Route 12A bridges north of Oxbow Road would remain in place to accommodate drainage from a small tributary between the Oxbow Road bridge and the Third Branch White River. The hydraulic analysis indicated that the NECR and State Route 12A bridges over the realigned channel and the new channel on the southern side of Oxbow Road would contain the flows up to and including the 0.2 percent AEP.
Alternative D-Diversion of Flow from Flint Brook
For the model evaluating diversion of extreme discharges from Flint Brook (alternative D), Flint Brook would maintain its existing channel alignment as the main water course, but a diversion channel would be constructed to accommodate any flows in excess of the 1-percent AEP. The overflow channel would require construction of an overflow section of the retaining wall upstream of Oxbow Road bridge and the installation of three new 12 ft by 7 ft box culverts under a driveway, the NECR, and State Route 12A. These culverts would have effective openings of 12 ft by 5 ft, with 2 ft taken into account for embedment. The hydraulic analysis indicated that the combination of the diversion channel and the existing Flint Brook channel would provide sufficient conveyance to carry up to and including the 0.2-percent AEP flow from Flint Brook.
Summary and Conclusions
The The hydrologic and hydraulic analyses indicate that divergent flow from Flint Brook where it breached its channel banks at a collapsed retaining wall is the cause of flooding at the hatchery. Peak discharges through the hatchery and the Third Branch White River were estimated to be 2,070 cubic feet per second (ft 3 /s; 97 percent of peak discharge from Flint Brook) and 4,320 ft Water-surface profiles and an flood inundation map of the August 2011 flood were developed for Flint Brook and the Third Branch White River in the vicinity of the hatchery. Water-surface profiles and flood boundaries for 10-, 2-, 1-, and 0.2-percent AEP floods also were developed for the existing [2014] conditions for Flint Brook and the Third Branch White River and for several mitigation alternatives for Flint Brook. Because Flint Brook has been determined to be the source of flooding at the hatchery, mitigation alternatives apply to the stream channel of Flint Brook, its vicinity, and associated infrastructure.
This report documents (1) the magnitude and extent of flooding in the vicinity of the hatchery following the August 2011 flood and (2) the hydrologic and hydraulic modeling used to evaluate existing conditions and proposed mitigation alternatives in the vicinity of the hatchery. The hydraulic models incorporate new field-survey data at structures, highresolution land-surface elevation data, and peak discharges estimates of the August 2011 flood from a drainage-area discharge equation and peak discharges for the 10-, 2-, 1-, and 0.2-percent AEPs from regional regression equations (Olson, 2014) . WSEs were determined using a standard stepbackwater method (HEC-RAS, version 4.1) calibrated by high-water marks collected by U.S. Geological Survey. The water-surface profiles for the 10-, 2-, 1-, and 0.2-percent AEP floods and the flood inundation maps can be used by Federal, State, and local agencies for flood recovery efforts. Drainage area is determined from a geographic information system and digital datasets and may not match previously published drainage area.
2 Exceedance probability is reported as a single value if peak discharge in 2011 is within 5 percent of discharge computed for the reported exceedance probability; otherwise, it is reported as a range.
3
Period of record is all years with peak discharge. 
